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Abstract

Recent work in deep space telccommmnication systems has been performed in
support of NASA’s Mission to the Solar System planning activity.  The results
show that high bandwidth conninmeations (gieater than 1 Mbps) are feasible with
communication infrastructure mvestiments at tagets of high exploration activity.
These targets include Mars, JTupiter, anct Neptune.  Infrasttuctie iimprovements
must also be made at the Iarith - Koy enabling technologies include Ka-band (32
Gllz) communications, optical comunmication, Jarge  deployable  apertures
(sometimes coupled with power collectors)) advanced crror-conecting coding, and
compression. Commercial networking technology can be incorporated to provide a
distributed communications and computing systenm across the sol system. This
work indicates solutions to exticine dgeeps space (beyond 40 AU communications
and operations problems.  Cornmunications capabilitics between 10 and 100 Kbps
should be achievable from 1,000 AU within 25 ycats.  The technologies,
infrastructure enhancements, and rcsulting performance capabilitics are discussed in
this paper.




Int roduction

There bas been much interest lately i the develnpmentof along range plan for telecommunications
within our solar system. Part of the imntereststams fiom a NASA Office of Space Sciences (OSS)
planning activity to develop aroudmapionthcMissiontothe Solar System.  The Jet Propulsion
Laboratory (JPI.)hasbeen leading this ¢t Lortts NASA The roadmap has been synthesized over
the past six months with participationfiozna crosssection g1 the Atnerican science community  as
w c]] as technologists from JPL and var ihus Anerican comnpanics. 9 he roadmap co vers robotic
exploration for the period of time fronmow unnithe year 202().

N A SA rcalizes that solar systcmexporation win be an international activity. Foreign space
agency plans have been factored into the roads ap activity.  There willlikely be an - international
planning activity that will follow NASA’<acceptance of theroadmap recommendations.

It additon 10 developing a set of rccanmadations to NASA formissions to answer specific
scientific quest ions, the roadmap tcarn o xitll e, several of the key enabling technologies. One of
these is telecommunications. The focus of the 3, admap activity was on space missions within the
solar system. However, the work thiat was Derformed in the telecorimunications area can bce
extended to far outer planct and interstetis rnicsions as well.
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Fignoe 1
The Mission to the Solar Systein 1oadimay team’s vision for communications showing
the trunk line as the principle comm mcations channel between Barth and target bodies.

The Mission to the Solar System roadimap considered many aspects of the telecommunications
challenge. The team considered the networking espects of operating many spacecraft (and landers,
rovers, ...) on a single target body using comrum:ications selay satellites, The team also examined
the challenge of providing a low cost, low ma-s, high performance communications capability
between the surface elements and a relay satedlite: The team spent ost of its energy predicting the
performance, as a function of titne, for the runk lines - the main conmnmunications channels
between arth and the target bodies that will be explored. The trunk lines represent the hardest
problem to solve for outer planct missions and beyond.  This paper deals only with performance
estimates and technology developments for the trnk lines.



‘The roadmap analysis included an exanincton of the key technologics required for the trank
lincs and their probable availabihty over the nost 25 years.  Analyses were performed for three
targel body communications orbiters: Mars (2 AU), Jupiter (4 AU), and Neptune (30 AU.) The
results showed that in the time frame of the roadmap, we could expeet communication bandwidths
of more than 1 Mbps at cach of these targ ot - with much grcater capabilities at Mars.  Such large
bandwidths were considered cssential (o provide a telepresence for the public during  the
exploration and to lay the infrastractine for sub-equent piloted missions,

This work have now been extend 1o cover communications capabilitics at 100 AU and 1,000
AU in the same period of time. The results indivate that 1t will be possible to support data rates of
about 10 to 100 Kbps from missions at 1.000 AL within 25 years.

Technology Predictions

In order (o estimate communications link perfonnance over the next 25 years, onc must predict the
evolution of critical communications teclnolopi o~ This is an hopesfect exercise. It is also, at the
moment, not cost constrained.

The technologics listed below are not micant 1o represent all relevant technologics — only those
that arc seen as enabling forthe main communications links.  Analysces were performed for both
radio frequency (RY) Systems and optical systeus.

RI Technologies

Ka-Band

NASA’ s Deep Space Network (DSN) s alicadydeveloping the capability to communicate with
deep space missions at 32 GHz (Kirhand ) Although the inherent advantage over the DSN’s
current standard frequency (8.4 Gllz, orx-band) is justunder 1?2 dB, 1.arth atmospheric  effects,
pointing depredations, and system noise petformimee limitsthe currentadvantage to about 4 dB.

NASA’s DSN Technology DevelopmantProgram is working toincrease the relative advantage
of Ka-band over X-band. The advantage (ove: current X- Bandperformance) 1S expected to be
about 6 dB by the year 2020.

Currently, only the DSN’s 34m beam wavepnide [1] antennas can support Ka-band systems.,
Inthisstudy itis assumed that the 1 )SN’wJarp -+ 70m antennas will be equipped with Ka-band
receive capability by 2010.

Power

Throughout the 25 year time period, astcady  noreascintheavailability of on-board spacecraft
solar power is assumed. This gainwillcorne romincreased efficiency in the solar cells, larger
deployable arrays, and solar collector technology Gncluding the power antenna 12).)

Flor Mars missions, the available power for commumications could go as high as 300 Watts.
For Neptune and beyond, this decreases to about 75 Watts, and will probably require the use of
radioisotropic thermal generators (R'1Gs.)

Spacecraft Transmitter Kfficiency

A steady increase in the efficiency of spiacceralt transmitters during the 25 year time period 1s
assumed. Current efficiencies arc of the order of 50% for X-Bund and 30% for Ka-Band. By the
cnd of the 25 years, these are likely to improve 1o 65% and 507 respectively.




Spacceraft RF Antenna g

The performance with both fixed type pziaboli ante nnas and Targe inflatable reflectors [3] were
calculated for this analysis.  Othcrtechnologics that wil T probably {all in between these extremes
include phased array and reflect aray|4]anten: 1s.

For inflatable technology, it was assuimed 1hat, by 2020, 25mantennas With good Ka-Band
performance at Mars and Jupiter coule 11 e f1own,  with somew hat stnalles sizes (due to mass
constraints) at Neptune and beyond.

RI® Modulation Scheme

Currently, all dcep space missions us bi phiese »iftkeying (BPSK ) modutation. The new Block
V 1eceivers in the DSN are capable of suppaorting (umd]’hﬁ“(' shiftkeying (QPSK) modulation.
Other, more bandwidth efficient modulation sehiomes could, conceivably, be used in deep space
during the next 25 years. It was assumcdthatin 25 years, des «cp space links would be  capable of
64 quadrature amplitude modulation (QANY) | 5 ruodulation with appropr iste tiellis coding,.

Error Correcting Coding

Recent advances in error correct i ng codal. hacresulied In the discovery of codes that achieve
peiformance Within 1dB of Shannon's theonetical Jimit for the deep space channel [6]. These
turbo codes were assumed for all mnissions by the end of the 75 year time frame. Figure 2 shows
the performance of one of the new tubo codedinrelation to some other codes that are used in
NASA (icepspace missions.  Systems th o allow the coding and docoding of the turbo codes at
high data rates (at lcast 1 Mbps) will be reguined
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Relative performance of various cioon cosecting, codes including a new turbo code

Recciver Noise Performance

Cutrently, the DSN’s equivalent receivingnoisctempetsture ¢ Jisabout30 K at X-band and 40
K andKa-band. It is assumed that this willimprove 1o 20 K dnd 30 K 1 spectively in 25 years.
The important technological developnments includs better solid state detectors (HEMTs ['7]) as well
as ctyogenic cooling of substantial poriionsof the detector systems




Pointing

IN order toachicvethe gainsresulting i y11 1 biyoher carnier frequencies and larger transmit and
receive apertures, both the spacecraftand ground stations mustimprove their pointing accuracy. 1 (
was assumedthat pointing tccl nologpy willsdvitiee ar a rate that Keeps thelosses from pointing
crrors constantover the next 25 years

Optical Technologies

Optical Communications Wavclength

Current optical communications work i« oncentrated at a wavelengthof 1.064 pin. By the year
2005, it is expected the technology forcormnunicationat 0,532 pimwillbe available for flight.
This will allow anincremental juinpmperionace.

Spacccraft lasers

The efficiency of solid state flyablclassisicisaimed 10 1Cease forits €U entvalue of about 10%
to better than 30% over the next25yeas At the sanc time, the radisted power is predicted to
increase from3 W to 20 W.

Low mass and cost space teyminals

JPL. has been working on the challenpe ol crecting a low mass and low ¢ o st communications
terminal for decp space missions using ojtical communications techimologies. Although none of
these terminals have flown in space yet, S Ve gl prototypes, including the Optical Communications
Demonstrator [8]) have been tested inthelabaratory.  Thesetenminalswould have an optical
aperture of 0.1 m.

Figure 3 shows a possible configurationfo @ deep space oplical terminal. 1t would have a
mass of about 3.5 kg and radiatc15 W ofpowe, — Such a tenninal could be available for flight as
early as NCXL ycear,
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Deep space op catfhightterminal

More advanced versions, thatintepiaste the optical (-,nmnmr'\cali(ms Wastrument with a science
imaging system, could be ready for{lighthy 2000, These would have ziunass O about 10 kg and
radiate approximately 35 W of power.




EKarth Reccive Aperturcs

There 1s cuwrrently no oper ational capablity for deep  space  optical  communications.
Demonstrations have been performcedusiipimoified astronomical observatories |9, 10],

By the year 2000, there could be o himited ground- based optical conn nunications capability to
support demonstrations in deep space [ 111 Thustations could have alOm non-diffraction limited
receive aperture.  This would be o ¢ than en ouph 1o support hundreds of kilobits o f
communications from Satwm-like distanc: s

In order to make this capabil ity tolvaperational, several copies ot the 10m terminal would be
hit 10 achicve both continuous con rcrage withideep spacetargetsand spatial diversity to combat
the ¢ ffects of Earth's weather. Atlcastthiree, ¢nd maybe as many asfive such stations would be
needed o support operational deep space inisaons [ 1 2], These could be in place by 2005.

By 2010, the 1 farth receive capabihity could be increased cither by building larger f.yound-based
apertures, or by placing the terminalsinbnihorbit [ 13, 14].

Receive Filters

Current state-of- the-art for receivesystemdaed on filer bandwidth is about 10 A. Over the next
25 years, (his should decrease to betterthan | A thiough the use of echnologies such as the
Faraday Anomalous Dispersion Optical L1 1ie| H].

Detectors

Currently, all gptical communications demonsivations with deep space have uti lized avalanche
photodiodes (APDs) to measure. incoming photens, By theyear 2015, solid state photomultiplicr
tube.s (SS-PMTs) will be available.

Pointing

Just as in the RI¢ case, the pointing Of baththe picecraft and Barthteinimalapertures s critical to
the performance of the link for optical comnuunmcuions,

The first deep space missions 10 optic | communications will likely have a cooperative
pointing system. in this case, a beacor <igrat will be sent fro mthe Harth station.  After
acquisition, the two terminals would track cacho Ir€'s signalto achicve aclosed oop poiNting.

By 2000, a spacecraft system that f imdsthe, iptical image of the 1 wth could allow  sufficient
pointing accuracy to eliminate the neediorant,  thiterminal beacon forsignal acquisition. More
so]) histicated systeins that use star 11 ack et~ ind other on- board sensors could ariow even better
openloop pointing by 2005.

By 2010, such on-board autonomous j.onting systems coald be further improved by using a
non-mechanical fine steering technique fort e spoectaftterminal,

The Analysis for Mission 10 the Solar System

Using the technology projections above, tmkpoiformance estimies wer ¢ developed for three
target body orbiters: a Mars orbiter, a hupnterothiter, and a Neptune orbiter. 1t was assumed that
the largest 1aunch vehicle available forthisexcrcive is a Daelta 1011 The analysis was performed in
five ycar intervals beginning in 1995 (prescatcanability) and ending in 2020,

For cach year, siX link performances weire cal. nlated: aggressive and conser vative estimates for
X-band, Ka-band,and optical systems 1 he scsults awe shown in higwie 3. The arcas in the
graphs are bounded by the bestagpicscivecase onthe top and the bestconservative case on the
bottom. Al three graphs eventually use optical commmmications 1o bound the arcas a s time
Progresses.
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Mission to the Solar Systen capabitite projections for communications orbiters

The horizontal lines through the £raphs represent the capability that would be required to
support real time communication of vaons common data types. These range from broadcast
quality television (USA NTSC) to IMAX high 1esolution motion  pictures. Aggressive
compression technology was assumed forn al) of these data types.

The Neptune communications orbiter was, b, far, the most challenging. 1t requires a Delta 111
launch vehicle and an RTG to supply suffcic: power for the link. Optical communications
provides the only option for 1 Mbps conunanical sns bandwidth in this time frame.,

The basic conclusion for the Mission to the Solar System roadmap excicise is that a capability
at least as good as commercial broadeus! wlevision could allow the public to participate in
exploration of the entire solar systemn - if | s enough investment in both flight and ground
infrastructure.,

Extending he Analysis {or Iar Yeep Space Missions

All the same assumptions about (he availahility of key technologics remain valid in the
calculations for far outer solar system Jink prrformance. In addition, since there is no target to
orbit for these missions, the spaceessft ymass that had been devoted to orbit capture and
maintenance for the above three cases can applied to the communication system.  This extra
could go toward generating more powcs, providimg twice as much power from R1Gs (150 W)
beginning in 2010. This makes the link potlonance estimates look better in comparison to the
Mars, Jupiter, and Neptune cases than onc mipht expeet from the inverse squate distance loss.

An additional technology that was considere’ for both the 100 AU and 1,000 AU missions
was arraying of ground antennas.  Allowing for a 0.3 dB combining loss by 2020, an array
consisting of a 70m and four 34m antennas (the plinned configutation of all thice DSN complexes
by 2020) would have the performance shightly beter than s single 94m antenna. Since continuous
coverage is not likely to be a requiteien’ for such missions, such larpe amounts of ground
resources can be applied for short periods of time




The results of the aggressive analysis are shown in tabular form i ‘Table 1, together with the
assumptions on available technologics. The conservative case differs from Table 1 in two main
ways: the RF antennas are assumed to be fised. 1.5m dishes, and the optical technology items arc
assumed to mature ten years later. In [16] and [17], similar calculations are performed 1o estimate
the communications performance of a 1,000 AU mission for X-band and optical systems. The
results are comparable o those prescnted here for the 2010-2015 time when one accounts for the

differences in assumptions.
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Figure 4 shows these results graphically in the same formas in the previous section. The areas
in the graphs arc bounded by the bestoftheagpicsive andconservative iesults for cach year.
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Conclusions

The calculations performed here indicate that, ¢ v cninthe nearterm, communications capabilities
from far outer solar system missions (upt 1,000 AU) ar ¢ sufficient to support meaningful science
and cven public involvement.  With tod av’s (e hmology, missions with kilobit data rates can be
supported at 100 AU. Within 20 years, this capability will exastformissions at. 1,000 AU. With
an apgressive program of communications tcchuogy and indrastioctore development, even greater
capabilitics will be possible -- up to soppor g resltime broadeastquality television from 100 AU
and many minutes of television-qualityvideoc: h (lay from1.000 AL
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